Abstract
I. Introduction
Perovskites and related compounds are widely investigated because of their multiferroic, photocatalytic, and magnetic properties which are useful for applications in thin-film capacitors, nonvolatile memories, nonlinear optics and photoelectrochemical cells [1] [2] [3] [4] . Most perovskite phases are prepared by solid-state reactions between the corresponding oxides at temperatures above 1000°C. Recently, solution based methods were extensively developed for synthesis of various perovskite nanomaterials [5] . One of the very few multiferroics with a simultaneous coexistence of ferroelectric and antiferromagnetic order parameters in perovskite structure, bismuth ferrite has attracted much attention since 1960. BiFeO 3 (BFO) has a ferroelectric Curie temperature T C of 850°C and an antiferromagnetic Neel temperature of 370°C [6, 7] . However, potential applications for BFO in the memory devices, sensors, satellite communications, optical filters and smart devices are limited due to its low insulation resistance caused by the reduction of the Fe 3+ species to the Fe 2+ formation of species and oxygen vacancies for charge compensation [8, 9] . Although great advances have been achieved for BFO thin films prepared by the pulsed-laser deposition (PLD) method [10, 11] , it was hard to avoid generating impurity phases by the conventional solid-state reaction in bulk materials. BFO perovskites could be only stabilized within a narrow temperature range. To date, the synthesis of single-phase BFO ceramics is still a challenging issue. In the solid-state route, nitric acid leaching was required to eliminate impurity phases such as Bi 2 Fe 4 O 9 and Bi 25 FeO 40 , after the calcination of mixed bismuth and iron oxides [12] which resulted in coarser powders and a poor reproducibility. Most recently, Wang et al. [8] and Pradhan et al. [13] prepared pure BFO phase ceramics by a rapid liquid-phase sintering technique. The crystallization temperature of BFO above the ferroelectric Curie temperature T C (in these methods) was required, which implied that the volatil-ization of bismuth was difficult to avoid. In addition, Ghosh et al. [14] produced pure phase bismuth ferrite nanopowders by the tartaric acid based sol-gel method coupled with an additional calcination process. Thus, it is crucial to synthesize and investigate single-phase BFO-based solid solution with no other ferroelectric end member. To date, two main methods are reported to prepare single phase BFO ceramics; one method involves rapid liquid phase sintering and the other method uses leaching of the impurity phase with dilute nitric acid. These methods lead to ceramics with high leakage current, which is the main obstacle for its practical applications. So, an alternative method for preparing high quality BFO ceramics is desired. Chen et al. utilized a low-temperature hydrothermal synthesis route to fabricate single-phase BiFeO 3 (BFO) crystallites. Effects of the initial KOH concentration, reaction temperature and duration time on the phase evolution as well as the particle size and morphologies of BFO crystallites were systematically investigated. They obtained perovskite BFO crystallites at the temperature of 200°C using a KOH concentration of 4M. Scanning electron microscopy observation revealed a homogeneous size distribution of submicron BFO powders. The ferroelectric Curie temperature of our hydrothermal BFO crystallites was determined to be 825°C by differential thermal analysis. Hydrothermal reactions utilized to form crystalline BFO powders were based on the dissolution-crystallization process. Han et al. [16] particles with different regular shapes were obtained by carefully controlling hydrothermal conditions. All the synthesized samples were found to be phase pure by XRD. The diffraction patterns of BiFeO 3 were indexed as a rhombohedrally distorted perovskite (JCPDS No. 86-1518 ) with a space group of R3c and lattice parameters of a = 5.582(4) Å and c = 13.876(7) Å. Chen et al. [17] synthesized large-scale polyhedral bismuth ferrite (BiFeO 3 ) particles by the hydrothermal method under a series of experimental conditions. XRD revealed that BiFeO 3 powders had a perovskite structure. Scanning electron microscopy images showed that different BiFeO 3 particles were formed, such as sphere, octahedron, truncated octahedron, cubo-octahedron and truncated cube. Experimental results showed that the concentration of KOH, reaction time as well as heating and cooling rates had important impact on the size and morphology of the BiFeO 3 particles. The formation mechanism and change process of the large-scale polyhedral BiFeO 3 particles were discussed in detail. The BiFeO 3 obtained showed ferroelectric behaviour and magnetic response, which verified the multiferroic property of the BiFeO 3 crystals. The optical behaviour of BiFeO 3 particles revealed a band gap energy of about 2 eV, which is smaller than for the BiFeO 3 bulk material due to the nanocrystalline structure.
The advantage of the soft chemical routes is that microcrystals can be synthesized at a considerably lower temperature plus energy saving and cost effective benefits. Among the chemical methods, hydrothermal synthesis is often used due to its simplicity which facilitates control of grain size, morphology and the degree of crystallinity by simple changes in the experimental procedure. Microwave assisted hydrothermal (MAH) synthesis is a variation of this method and has the advantage of lower processing temperature and time and a uniform nucleation of the powders in suspension [18] [19] [20] .
In this study, we investigated the conditions required for the crystallization of BFO under microwave-hydrothermal conditions to obtain homogeneous nanoparticles with a uniform particle size and low carbonate content. For comparison, BFO powder was also synthesized by a simple soft chemical solution. This study underlines the role of the preparation route on the structural and morphological characteristics of the material obtained.
II. Experimental
BiFeO 3 (BFO) samples were prepared using microwave assisted hydrothermal (MAH) and a soft chemical solution (SCS) methods. In the first method, BFO powders were synthesized from an equimolar mixture of Bi(NO 3 ) 3 and Fe(NO 3 ) 3 ×9H 2 O in 40 ml of aqueous KOH solution (KOH was used a mineralizer and deionized water as a reaction medium). All source chemicals are of analytical grade. Iron (III) nitrate nonahydrate (99.5% purity-Merck) and bismuth nitrate (99.5% purity-Aldrich) were used as raw materials. The mixture was ultrasonically dispersed for 15 min, transferred into a sealed Teflon autoclave and then placed in a microwave furnace (CEM Corp. Matthews, NC -model MARS-5) with a frequency of 2.45 GHz and variable power up to 300 W. The temperature inside the vessel was controlled through an optical fiber sensor (Model EST-300-CEM Corp.). The hydrothermal treatment was performed at the same temperature for different soaking times. The reactions were carried out for 5 min, 30 min and 1 hour at temperature of 180°C. After the hydrothermal reaction, the autoclave was naturally cooled to room temperature. The resulting powders (insoluble in water) were separated by centrifugation and washed with de-ionized water in sequence to remove all soluble salts, and then dried in an oven at 80°C for 24 hours in air.
BFO powders were also prepared by the soft chemical solution method (also called polymeric precursor method or the Pechini method [21] ) starting from the fact that certain α-hydroxycarboxylic organic acids can form polybasic, acid chelates with a wide range of cat-ions. After the addition of a polyhydroxylic alcohol and heating, the chelate transforms into a polymer, with homogeneous cation distribution. Bismuth and iron precursor solutions were prepared by adding the raw materials to ethylene glycol in a concentrated aqueous solution of citric acid under heating and stirring. Appropriate quantities of Fe and Bi solutions were mixed and homogenized by stirring at 90°C. The molar ratio of metal/citric acid/ethylene glycol was 1/4/16. In this study, an excess of 5 wt.% Bi was added to the solution to compensate for some unavoidable bismuth oxide loss during the thermal treatment. Without this additional bismuth, the pure phase could not be obtained. Most of the organic matter is subsequently eliminated at temperatures as low as 300°C; a dark residue containing reactive oxides with well-controlled stoichiometry is formed. The porous product was crushed and heated in an alumina crucible at 850°C for 2 hours to eliminate organic material residues. The resulting powder was milled in an attritor with zirconia balls in an acetone medium for 40 minutes using a procedure from the literature [22] .
The powders obtained were characterized by Xray powder diffraction (XRD) using a (RigakuDMax/2500PC, Japan) with Cu-Kα radiation (λ=1.5406 Å) at 0.02 °/min. For Rietveld analyses, XRD data were collected under the following experimental conditions: 40 kV, 30 mA, 20°≤ 2θ ≤ 80°, ∆2θ = 0.02°, λCu k α monochromated by a graphite crystal, divergence slit of 2 mm, reception slit of 0.6 mm and step time of 10 s. The Rietveld analysis was performed with the Rietveld refinement program DBWS-941 1 [23] . The profile function used was the modified Thompson-Cox-Hastings pseudo-Voigt where η (the Lorentzian fraction of the function) varies with the Gauss and Lorentz components of the full width at half maximum. TG-DTA analyses were carried out with a Netzsch-409 STA apparatus at a heating rate of 20 °C/min under flowing air. Infrared spectroscopy (Model 400-IR/FT, IMPACT) was used to detect carbonates in bismuth ferrite powders. Raman spectra were collected with Bruker RFS-100/S Raman spectrometer with Fourier transform; a 1064 nm YAG laser was used as the excitation source, and its power was kept at 150 mW. Microstructural characterization was performed by FE-SEM (Supra 35-VP, Carl Zeiss, Germany).
III. Results and discussion
To determine the best annealing conditions and to evaluate the crystallization temperature necessary to obtain a single bismuth ferrite phase by the soft chemical method, thermal analyses were performed using TG-DTA analyses of the BFO powder obtained by microwave assisted hydrothermal method at 180°C for 1 hour (Fig. 1a) . The existence of three stages, corresponding to the weight and energy change, can be observed in Fig.   1a . The first region (25-200°C) corresponds to the loss of physisorbed water; the second region (200-350°C) corresponds to the loss of surface hydroxyl groups. Finally, the weight loss above 500°C is due to the decomposition of the nitrate species. Figure 1b shows the TG-DTA curve of the BFO resin from room temperature up to 1000°C which was obtained by the polymeric precursor method. Two stages, corresponding to the weight and energy change, can be observed in Fig. 1b . The first characterized stage (from 25°C to 230°C) with a small weight loss is related to the elimination of excess ethylene glycol and water formed during the esterification process. The second stage (from 380°C to 500°C) is related to the decomposition of the polymeric metal-carboxylate complexes and to the formation of a metal oxide phase. The DTA curve shows strong exothermic peaks at ~420°C and ~620°C, which are correlated to a weight loss that must be considered as the crystallization of the residual amorphous phase.
XRD patterns of BFO powders synthesized by MAH method at 180°C at different times using an initial KOH concentration of 4M are shown in Fig. 2a . Diffraction peaks resulting from BFO powders synthesized for 1 hour can be indexed mainly with BFO according to the powder data of JCPDS card no.86-1518. These peaks as a minor phase (marked with *) is presented as a low level impurity phase.
In this study, the Rietveld refinement technique was used to investigate the crystal structure of the BFO powder (Table 1 and Fig. 3 ). Data were collected from nanoparticles obtained by microwave assisted hydrothermal method at 180°C for 1 hour and the powders synthesized by the soft chemical method and calcined at 850°C for 4 hours. Table 1 [28, 29] . The band at around 1384 cm -1 was due to the presence of trapped nitrates [30] . Specifically, strong absorptive peaks at 400-600 cm -1 are attributed to the Fe-O stretching and bending vibration which is characteristic of octahedral FeO 6 groups in the perovskite compounds. The formation of a perovskite structure can be confirmed by the presence of metal-oxygen band [31, 32] . Residual water and hydroxy groups are usually detected in the as grown samples and further heat treatment is necessary for their elimination. It is well known that the hydroxylation of metal ions and the deprotonation can be accelerated by raising the solution temperature or pressure [33] . The crystallized nanoparticles were found to have OH − ions due to the alkali used under the present reaction conditions. In hydrothermal-microwave processing the high frequency electromagnetic radiation interacts with the permanent dipole of the liquid (H 2 O), which initiates rapid heating from the resultant molecular rotation and permanent or induced dipoles in the dispersed phase cause rapid heating of the particles which results in a reaction temperature in excess of the surrounding liquid-localized superheating [34] . The band at around 830 cm −1 was due to the presence of traces of trapped NO 3 − ions in the BFO nanoparticles [35] . Infrared spectra of the BTO powder synthesized by SC method and calcined at 850°C for 4 hours were recorded (Fig. 4b) . Typical band characteristics of oxygen-metal bonds were observed in the 450-640 cm -1 region. The sample is free of carbonates. This result is satisfactory from a technological point of view since many properties are dependent on the purity of the raw powders, especially carbonate traces which may result in porous ceramics due to CO 2 elimination. The O-H bond stretching near 3400 cm -1 could be attributed to adsorbed water due to the contact of the sample with the environment.
Raman scattering has proven to be a valuable technique to obtain information about local structures within materials. Raman spectra of the BFO nanoparticle obtained by MAH method at 180°C for 1 hour are illustrated in Fig. 5a . The modes located at 212, 316, 377, 445, 537 and 635 cm -1 are caused by the internal vibration of FeO 6 octahedra, whereas modes below 200 cm -1 must be attributed to different sites occupied by bismuth within the perovskite units. The bands located at 97 cm -1 , 120 cm -1 and 145 cm -1 are related to Bi atoms of the perovskite layer and correspond to a rigid layer. These modes are probably due to a distortion in the A site caused by the bismuth ion. This distortion into the A site of the perovskite enhances the Jahn-Teller distortion of FeO 6 octahedra. On the other hand, Raman modes located above 200 cm -1 are responsible for distortions and vibrations of FeO 6 octahedra. Vibrational modes of the powder obtained in the hydrothermal microwave tend to disappear when compared to the powders obtained in the conventional furnace (Fig. 5a ) which can be related to structural disordering at short range, as well as a phase transition for an ordering crystal structure. The fast structural organization of BFO powder processed by MAH method can be related to the heating process which occurs from the interior to the surface. The microwave energy is transformed into heat through the interaction between molecules and atoms with the electromagnetic field. This interaction results in an internal and volumetric heating of the powders which promotes the formation of temperature gradients and heat flows [36] . Raman spectrum of the BFO powder obtained by SC method and calcined at 850°C for 4 hours is illustrated in Fig. 5b . The presence of Raman-active modes can be used to evaluate the degree of structural order at shortrange. The modes located above 200 cm -1 are caused by internal vibrations of FeO 6 octahedra, whereas the internal vibrations below 200 cm -1 are related to Bi atoms of the perovskite layer and corresponds to a rigid layer. Raman results are in agreement with XRD data; therefore, small changes observed in the spectra can be associated with the preparation method, average crystallite size and the degree of structural order.
The effect caused by thermal treatment in the morphology and shape of the grains was evaluated by SEM analysis (Fig. 6 ). SEM images of specimens synthesized by MAH method at 180°C for 1 hour are shown in Fig.  6a . According to the image, most of the grains of BFO powders are homogeneous with an individual particle size of approximately 130 nm. However, BFO powders reveal a few large particles with an irregular shape. The variation of grain morphologies may be an evidence of the formation of impurity phases. Nanometric and isotropic BFO crystallites obtained in this study are quite different from the previous study, where BFO powders agglomerated into a cubic shape with the side size of 45 mm under hydrothermal conditions [20] . The growth of large cubic grains is usually preferred for the hydro- thermal lead zirconate titanate (PZT) particles [37] . In the hydrothermal process, the presence of an alkaline medium was found to be essential. In our case, a critical annealing time could exist after which the formation of impurity phases was favoured, and the formation of pure BFO was highly dependent upon this formation. The "dissolution and crystallization" process can be utilized to describe the hydrothermal reaction [38] . During the hydrothermal treatment, Bi 3+ and Fe 3+ hydroxides underwent an attack by KOH to dissolve and reacted at high temperatures and pressures, and then precipitated as insoluble ceramic oxide particles from the supersaturated hydrothermal fluid. If the temperature and pressure conditions are carefully maintained during the duration of the experiment, neither etching of BFO crystals nor the formation of a second phase is observed. Therefore, the dissolution and crystallization process continued in supersaturated fluid in such a way that the system was self-stabilizing. We conjecture that the dissociation of bismuth and iron hydroxide and the formation of ionic complexes might prevent the growth of BFO crystallites and limit the size of BFO particles to the nanometric range. The agglomeration process was attributed to Van der Waals forces. To reduce the surface energy, the primary particles have a tendency to form nearly spherical agglomerates, in a minimum surface to volume ratio [39] . This type of grain structure is common in oxide, ferrite and titanate ceramics [40] [41] [42] [43] [44] [45] [46] [47] which is a result of an abnormal/discontinuous grain growth, also called an exaggerated grain growth. In abnormal growth, some grains grow faster than other grains with increasing sintering temperature. Abnormal grain growth may result from: (1) the existence of second phase precipitates or impurities, (2) materials with high anisotropy in interfacial energy and (3) materials with high chemical equilibrium [48] . In the hydrothermally derived BFO, which crystallizes in an orthorhombic structure, it can be assumed that the abnormal grain growth comes from factor (1) and (3) due to the existence of two-phase structure. At intermediate temperatures, a higher degree of agglomeration was noted which could be due to the favoured nucleation process at higher OH − concentration with no separation of particles which is due to a low reaction temperature. The random aggregation process between the small particles can be related to an increase in effective collision rates between small particles by microwave radiation [49] which indicates that microwave energy favours an anisotropic growth caused by the differences in the surface energies on the different crystallographic faces [50] . Possibly, the imperfections or differences between the height and width of these particles can be associated with the influence of microwave energy during the BFO phase growth process. A large number of elongated and circular agglomerates which are typical of chemical methods are evident in Fig. 6b . BFO presents a mixture of rod-like and plate-like grains. The rod-like grains might be originated from an anisotropic behaviour of bismuth ferrite. There is no evidence of liquid-phase segregation at the grain boundaries which indicates that the polymeric precursor method facilitates the attainment of the phase at low sintering temperature with particles distributed in a nanometric matrix. By rough estimation and using the Sherrer formula, it was found that the individual crystallite size was approximately 30 nm.
IV. Conclusions
BFO perovskite crystallites were prepared by using the microwave assisted hydrothermal (MAH) method and the soft chemical route. Compared with the conventional solid-state reaction process, nanometric BFO particles with better homogeneity could be produced by both methods. A longer hydrothermal treatment was beneficial to inhibit the formation of any impurity phases and promote the growth of BFO crystallites into almost single-phase perovskites. The hydrothermal reaction to grow BFO crystallites with 96% pure perovskite and a size of 130 nm is described by the dissolutioncrystallization process. Rietveld refinement reveals an orthorhombic structure with a space group of R3c. SEM analyses have shown a homogeneous size distribution of nanometric BFO particles. MAH method is important not only for the use of a short treatment time and low temperature but also for the possibility to control the morphological and structural properties. Therefore, the MAH method is undeniably a genuine technique for low temperatures and short times in comparison with the previous methodologies.
